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Abstract

The aim of the research was to study the clarification of titanium white waste acid by ceramic microfiltration membrane. The main focus
was the effect of high concentration FeSO4 and flocculant of polyacrylamide (PAA) on the filtration. The influence of operating parameters
such as transmembrane pressure, cross-flow velocity, concentration and temperature on filtration process was also investigated. The results
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howed that hydrated TiO2 in waste acid can be successfully recovered by ceramic membrane microfiltration and an excellent cla
ffect was achieved. The high concentration of FeSO4 in waste acid complicates the effect of temperature on the filtration process. Wh

emperature decreased to less than 293 K, crystallization of FeSO4 may occur in the membrane pores, hence it is difficult to regenera
embrane. Flocculation by modified PAA, of which the concentration was less than 5 ppm, slightly increased the membrane flu
ddition of flocculants might cause adsorption fouling of the membrane and resulted in decrease of flux. The membrane flux was a
y other parameters. Analyses of filtration resistances indicated that the cake resistance was the main component of the fouling re
as 68–80% of the total resistance. The analyses gave more quantitative understanding into the effects of the operating param
ltration.
2004 Published by Elsevier B.V.
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. Introduction

Large quantities of spent acid are produced from the sul-
uric acid process in TiO2 plants. In addition to containing
ore than 20% free H2SO4, the waste acid contains 1–2%
ydrated TiO2 suspension, 8% FeSO4 and other metal ions.
isposal of this liquor not only pollutes the environment but
lso causes the loss of economic benefits. Diffusion dialysis,
hich is driven by the difference in the diffusivity between
cids and salts, appeals to be an attractive acid recovery
ethod from the viewpoint of energy saving[1–3]. How-

ver, removal of the hydrated TiO2 particles before diffusion
ialysis is necessary to prevent serious fouling of the anion
xchange membrane by the particles, which in turn influences

∗ Corresponding author.

the dialysis efficiency. On the other hand, recovery of
hydrated TiO2 particle is also important because it is clos
related to the yield of TiO2.

Many plants have attempted to recover the hydrated2
particles from the waste acid using conventional gra
settling; however, this method requires a long resid
time and a large floor space, yet performs poorly[4,5].
Porous tube filtration is also used to recover these p
cles, but porous tubes are easily plugged and difficu
clean[6]. Microfiltration (MF) and ultrafiltration (UF) hav
emerged as useful processes for concentrating fine pa
and clarifying wastewater. Most polymeric MF/UF me
branes, however, cannot be used to recover TiO2 particles
from such waste acid due to the material nature of the m
brane. Ceramic MF/UF membranes have inherently sup
physical integrity, chemical resistance, and thermal stab

385-8947/$ – see front matter © 2004 Published by Elsevier B.V.
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[7]. These advantages rendered them suitable for extreme-
condition applications. Several researchers have investigated
the use of ceramic MF membranes for treating wastewater
containing micron and submicron particles[8–11]. Most of
these applications achieved permeate flux ranging from 100
to 300 L m−2 h−1, when operated at a cross-flow velocity of
3–4 m s−1, a transmembrane pressure of 3.5 bar, and/or an
operating temperature of 20–90◦C. Our previous works also
showed that ceramic microfiltration is a proper technology
to recover the TiO2 particles in acid wastewater[12,13]and
rinse wastewater[14] produced from different processes in
the TiO2 plants. As far as the waste acid is concerned, how-
ever, high concentrations of FeSO4 and flocculant (PAA) may
affect the filtration behaviour of ceramic membranes. To date,
there has been limited study in this area.

The scope of this study was to investigate the clarification
of waste acid from TiO2 plants by ceramic MF membranes.
Attention was paid to the effect of high concentration FeSO4
and PAA on the filtration process. The influences of other
operation parameters such as transmembrane pressure, cross-
flow velocity, and TiO2 concentration on filtration process
were also investigated. The study aimed to contribute funda-
mentally to the design and operation of industrial ceramic MF
membrane system for treating titanium white waste acid, in
order to recover the TiO2 and to act as a reliable pretreatment
for diffusion dialysis of the waste acid.
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2.3. MF setup

The bench-scale system was constructed of ABS and of
stainless steel (SS) and comprised a recirculation loop and a
backpulsing arrangement (Fig. 1). The recirculation loop was
composed of a 10 L feed tank (jacketed for retentate temper-
ature control), a rotameter, a 2 hp (horse power) centrifugal
pump, a membrane module, and the accompanying pressure
gauges, valves, and piping. The backpulsing arrangement
consisted of a liquid and a gas buffer reservoir and a nitrogen
cylinder.

2.4. Analytical procedures

Turbidity of permeate was determined using a HACH
2100N Turbidimeter (HACH, USA). Total suspended solids
(TSS) of feed were analyzed using the National Standard
Method GB 11901-89[15].

In some cases, membranes after testing were examined
under a JSM-6300 scanning electron microscope (SEM)
(JEOL, Japan). The membrane specimens were carefully
taken from the middle of the elements (lengthwise) using a
pair of pincers and sputter-coated with gold–palladium prior
to the SEM analysis.

2.5. Microfiltration runs
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. Experimental

.1. Membrane

Asymmetric tubular�-Al2O3 MF membranes (made
iangsu Jiusi High-Tech Co. Ltd., PR China) were use
he filtration experiments. The dimensions of the membr
ere 8 mm inner diameter (i.d.), 12 mm outer diameter (
nd 200 mm length. The average membrane thicknes
bout 30�m and the surface area per element was 0.002.
he nominal pore sizes used were 0.2 and 0.8�m. The aver
ge pure water flux (PWF) of these membranes were
nd 6000 L m−2 h−1 bar−1, respectively.

.2. Waste acid

Titanium waste acid was obtained from Nanjing Titan
hite Chemical Co. Ltd. The waste acid contained more

0% (by weight) of sulfuric acid, 200 g L−1 of ferrous sulfate
nd 100 mg L−1 of TiO2 particles.

It should be noted that waste acid were taken directly
he plant before the filtration experiments. Otherwise,
erent results could be obtained due to the ‘aging’ eff
n filtration experiments caused by a variety of undesir
nfluences such as biological action, chemical reactions,
ulation, etc.
Filtration was conducted in constant pressure m
efore filtration, the PWF values of the membranes w
easured to determine the cleanliness and readiness of
ranes for testing. During each run, a known volume o

eed solution was processed through the membrane m
t a desired transmembrane pressure (TMP) and cros
elocity (CFV) (by adjusting valves 1 and 12 inFig. 1). The
eed solution was maintained at a constant concentratio
ecycling the permeate solution back into the feed tank.
teady flux used in this paper was the permeate flux a
nd of 210 min.

After filtration, the ceramic membrane was cleaned w
.5 M oxalic acid solution under certain conditions, follow
y a thorough rinsing with pure water. The detailed clea
rocedure was described previously[13].

.6. Analyses of filtration resistances

Analyses of filtration resistances were also done bas
resistance-in-series model using 0.8�m pore size mem

ranes.
The permeate flux for microfiltration is usually written

erms of transmembrane pressure (TMP) and a total r
ance[16]

= �P

µRt
(1)

hereJ is the permeation flux (m s−1), �P the transmem
rane pressure (MPa),Rt the total filtration resistance (m−1),
ndµ the viscosity of solution (Pa s).
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Fig. 1. Schematic diagram of the experimental apparatus. (1) Feed tank, (2) centrifugal pump, (3) rotameter, (4) membrane module, (5) liquid buffer reservoir,
(6) gas buffer reservoir and (7) N2 cylinder. P1, P2, P3 pressure gauges, V1–V12 valves (), sampling port.

Because the system treated contain micron and
submicron-meter particles, theRt was defined asRt = Rm +
Rc + Rp + Ri .

Rm, resistance of the new membrane, can be calculated
using pure water flux.Rp, resistance of the polarization layer
results from the concentration polarization, can be removed
by rinsing with water at very low flow rate.Rc, the resistance
of the cake layer results from the deposition of particles and
other solute on the membrane surface, which can be removed
by brushing the membrane surface.Ri , the resistance due to
internal fouling results from the plugging of the fine parti-
cles in membrane pores, can be removed chemical cleaning
combine with back-flushing.

Experimentally, the resistances defined could be deter-
mined from the value of flux in four different periods. First,
pure water flux (Jw1) was determined using a clean mem-
brane, and then the flux (Jv) of filtration of waste acid was
measured. After the filtration of waste acid, the membrane
was firstly rinsed with pure water to eliminate all traces of
the solution. The rinsing was to remove the polarization layer
and the water flux measured afterwards wasJw2. The next step
was cleaning of the membrane with a suitable brush, followed
by rinsing with pure water. This cleaning was to remove the
deposited cake and the water flux measured afterwards was
Jw3.

For filtration resistances experiment, the temperature was
fi Pa,
t n
c

3

3

ty as
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As shown inFig. 2, the permeate flux of 0.8�m pore
size membranes was larger than that of 0.2�m pore size
membranes. The difference of the permeate flux might be
due to the different characteristic of the cake formed on the
membrane. From the selective particle deposition point of
view [17,18], critical cut-diameter of deposited particles in a
cross-flow filtration depends on the permeate flux under the
same cross-flow velocity. The initial flux of 0.8�m pore size
membranes was larger than that of 0.2�m pore size mem-
branes, so the particle size of cake that formed on 0.8�m pore
size membranes surface might be larger and the cake resis-
tance was smaller than that of 0.2�m pore size membranes.
On the other hand, discrepancy between membrane resis-
tances (Rm) that caused by the pore size of membranes also
influences the filtrate flux. As shown inFig. 2, it could be also
found that the flux of 0.8�m pore size membranes dropped
faster from its initial water flux compared with the 0.2�m
pore size membranes. This might be due to the quicker
deposition of particles on the larger membrane pore caused

F anes.
xed at 40◦C. The TMP were 0.06, 0.1, 0.17, 0.25 M
he CFV were 1.5, 3.6, 6.5, 9.5 m s−1 and the suspensio
oncentration were 0.1, 1, 4 g L−1, respectively.

. Results and discussion

.1. Effect of membrane pore size on filtration

The variations of permeate flux and permeate turbidi
function of time using two pore size membranes are sh

n Figs. 2 and 3, respectively.
 ig. 2. Variations of permeate flux with time using two pore size membr
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by the higher initial flux, according to the critical flux theory
[19–21].

Good rejection rates were obtained as can be seen in
Fig. 3. Although the permeate turbidity of 0.8�m pore size
membranes was slight higher than that of 0.2�m pore size
membranes at the initial stage, the two pore size membranes
reached the same steady value of below 0.5NTU at the end
of the test runs. This was due to the formation of cake on the
membrane, which further improved the rejection rate.

With its higher permeate flux and excellent clarification
effect, the 0.8�m pore size membranes are considered more
suitable than the 0.2�m pore size membranes for pretreating
the waste acid before diffusion dialysis.

3.2. Effect of temperature and high concentration FeSO4

Temperature is an important factor that affects the per-
meate flux of membranes. As shown inFig. 4, the steady
flux increased when the temperature was higher than 20◦C.
Increase of flux with temperature showed good consistency
with the decrease of viscosity of the permeate in this tem-
perature range. This means that the increase of flux with
temperature was due to the decrease in viscosity of solutions.
Such relationship could be derived from Eq.(1).

With regard to the waste acid, the effect of temperature on
solubility of the FeSOshould also be considered. First, filtra-
t ,
t 23 and
b ion
o tep is
s

of
t
d x. At
t ased
r -

F em-
b

Fig. 4. Effect of temperature on steady-state flux and permeate viscosity.

ently, crystallization of FeSO4 due to the decrease of temper-
ature had caused severe membrane fouling. Solubility data
[22] confirms that the FeSO4 in the waste acid will crystal-
lize at a temperature of below 20◦C.

S.E.M. analysis was carried out to investigate the
microstructure of the fouled membrane. As shown in
Fig. 6(a), a dense fouling layer composed of very fine crys-
tals was formed on the membrane surface.Fig. 6(b) shows
that the crystallization also occurred in the membrane pores
and supports. It could be concluded that the crystallization
of FeSO4 in membranes and supports plugged the membrane
pores, hence reduced the membrane flux seriously.

Repeated experiments showed that the plugged membrane
could not be regenerated using hot water and cleaning agent
even after a long cleaning time. This may be due to a very
low dissolving velocity of the FeSO4 crystal in the microsize
pores of the membrane. Therefore, it is very important to
maintain a high operating temperature during the filtration
4
ion of waste acid was carried out at 50◦C for 210 min. Then
he temperature was decreased step-by-step to 40, 31,
elow 20◦C for about 120 min, respectively. The variat
f permeate flux with decreasing temperature step-by-s
hown inFig. 5.

As shown inFig. 5, the flux decreased with decrease
emperature. When the temperature was below 20◦C, the flux
ecreased sharply and gradually reduced toward zero flu

he same time, turbidity of the retained waste acid incre
emarkably and crystallization of FeSO4 was found. Appar

ig. 3. Variations of permeate turbidity with time using two pore size m
ranes.
 Fig. 5. Variation of permeate flux with temperature.
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Fig. 6. SEM photographs of the plugged membrane: (a) surface; (b) cross-
section.

process, which will not only increase the permeate flux, but
also prolong the lifespan of the membrane.

3.3. Effect of flocculant of PAA

During settling process, modified polyacrylamide (m-
PAA) is always added into mother solutions for speeding the
settlement of particles, some residual m-PAA may remain in
the waste acid. To investigate the effect of m-PAA on the fil-
tration, experiments were carried out with two types of waste
acid, one of which contained m-PAA (about 1 ppm as per in
the actual plant), while the other contained no m-PAA. After
3 h of filtration, additional m-PAA was added into the m-PAA
containing waste acid to investigate the effect of increasing
PAA concentration on the filtration. The results are shown in
Fig. 7.

As shown inFig. 7, the permeate flux was higher for waste
acid containing m-PAA than the waste acid without m-PAA.
This might be due to the flocculation effects of m-PAA, which
lead to the formation of larger flocs thus producing a more
permeable cake. However, when the concentration of m-PAA
exceeded 5 ppm, the permeate flux decreased. This could be
due to the adsorption of m-PAA on the ceramic membrane.
The m-PAA used in experiment was a modified negatively
charged flocculant. The ceramic membranes used had a pos
itive zeta potential and were positively charged in the acid
e rbed
o AA

Fig. 7. Effect of flocculants on membrane filtration.

might also be adsorbed onto the ceramic membrane, result-
ing an increase in membrane resistance and decrease in the
permeate flux.

Based on these results, controlling an appropriate amount
of flocculant in the waste acid is necessary to improve the fil-
tration in practical application, otherwise the flocculant may
cause an increase in the membrane fouling rather than an
improvement in the permeate flux.

3.4. Effects of other operating parameters

Effects of other operating parameters such as transmem-
brane pressure, cross-flow velocity and suspension concen-
tration on the steady flux at 40◦C are shown inFigs. 8–10,
respectively.

F ferent
c

nvironment, which was present. Besides being adso
nto TiO2 particles in the waste acid, the remaining m-P
-

ig. 8. Effect of transmembrane pressure on steady flux under dif
oncentrations.
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Fig. 9. Effect of transmembrane pressure on steady flux under different
velocities.

As shown inFigs. 8 and 9, the membrane flux increased
with the transmembrane pressure. However, the effect of
transmembrane pressure on the flux was affected by cross-
flow velocity and suspension concentration. Increase of the
flux with transmembrane pressure was more significant at
high velocity and low suspension concentration. This might
be due to the formation of thicker cake layer on the surface of
the membrane at low velocity and high suspension concen-
tration. On the other hand, an increase of the transmembrane
pressure would result in more cake resistance due to compres-
sion of cake, which then counteracts the positive effect of the
transmembrane pressure on the flux. Therefore, the increase
of permeate flux at low velocity and high concentration was
less significant.

Generally, an increase of cross-flow velocity will produce
a higher flux because the increase of cross-flow velocity leads

F pen-
s

to an increase of shear stress, which promotes the efficient
removal of particles of the dynamic layer deposited on the
membrane surface. The effect of cross-flow velocity is shown
in Fig. 10. The effect of cross-flow velocity on the flux var-
ied under different suspension concentrations. At 4 g L−1 of
suspension, the steady flux increased linearly with cross-flow
velocity as expected. However, the positive influence of cross-
flow velocity on the flux was weakened at low suspension
concentrations. At 0.1 g L−1 of suspension, the permeate flux
slightly increased with cross-flow velocity in the range of
1.5–6.5 m s−1, the trend reversed when the cross-flow veloc-
ity increased further than 6.5 m s−1. The latter trend was also
observed in literature[23] on polymeric membranes.

To explain the phenomenon, a term for particle classifica-
tion near the membrane surface[17,18]might be considered.
Besides the positive influence of cake decrease on the filtra-
tion, increasing cross-flow velocity might cause the particles
of cake formed on the membrane to become finer as larger
particles are removed from the fouling layer by the scouring
action of the cross-flow stream, which would produce a nega-
tive influence on the filtration. Hence, two competing factors
may contribute to the effect of the cross-flow velocity on the
flux. The following hypothesis was derived. At high suspen-
sion concentration and low cross-flow velocity ranges, when a
thicker cake layer was formed on the membrane, the decrease
of the cake layer by the increasing cross-flow velocity might
b . At
l how-
e kens
t clas-
s sult,
t the
r ion.
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ig. 10. Effect of cross-flow velocity on steady flux under different sus
ion concentrations.
e a controlling factor for the increase of permeate flux
ow suspension concentration and high velocity ranges,
ver, the thinner cake layer formed on the membrane wea
he positive influence of cake decrease and the particle
ification of cake became the dominated factor. As a re
he steady flux decreased with the cross-flow velocity in
ange of higher velocity and low suspension concentrat

As can be seen fromFigs. 8 and 10, an increase in su
ension concentration resulted in a decrease in steady
his was a consequence of enhancements of concent
olarization and deposition of particles, which increased
ltration resistance.

It could be concluded that effects of operating param
uch as transmembrane pressure, cross-flow velocity an
entration on the filtration are interrelated and these fa
nteract on each other. Such characteristic should be co
red in the filtration operation. Therefore, in pilot and ind

rial applications, the transmembrane pressure and cros
elocity should be no more than 0.25 MPa and 6.5 m−1,
espectively, at a concentration of less than 4 g L−1.

.5. Effect of operating parameters on the filtration
esistances

The resistance and their relative percentages as a fun
f TMP, CFV, and concentration are shown inTables 1–3.

As shown inTables 1–3,Rc was the main component of t
ouling resistances and was 68–80% ofRt. Rp was 7.5–10.5%
ndRi was 9–18% ofRt. Rm was negligible compared wi

he fouling resistances, which was only 2–5% ofRt.



Y. Zhao et al. / Chemical Engineering Journal 111 (2005) 31–38 37

Table 1
Hydraulic resistance and relative percentage as a function of pressure (cross-flow velocity 6.5 m s−1, concentration 0.1 g L−1)

Pressure (MPa) Rt Rc Ri Rp Rm

1011 m−1 % 1011 m−1 % 1011 m−1 % 1011 m−1 % 1011 m−1 %

0.06 19.06 100 13.08 68.58 3.36 17.64 1.72 9.04 0.90 4.74
0.10 19.97 100 13.84 69.30 3.44 17.20 1.78 8.96 0.91 4.54
0.17 24.30 100 17.50 72.00 3.76 15.45 2.16 8.90 0.89 3.65
0.25 31.25 100 23.64 75.66 3.81 12.19 2.91 9.31 0.89 2.84

Table 2
Hydraulic resistance and relative percentage as a function of cross-flow velocity (transmembrane pressure 0.1 MPa, concentration 0.1 g L−1)

Velocity (m s−1) Rt Rc Ri Rp Rm

1011 m−1 % 1011 m−1 % 1011 m−1 % 1011 m−1 % 1011 m−1 %

1.5 27.48 100 20.46 74.47 3.33 12.13 2.78 10.10 0.91 3.30
3.6 22.79 100 16.52 72.46 3.41 14.95 1.97 8.63 0.90 3.96
6.5 19.97 100 13.93 69.76 3.44 17.20 1.70 8.49 0.91 4.54
9.5 20.94 100 14.80 70.66 3.66 17.48 1.58 7.55 0.90 4.31

Table 3
Hydraulic resistance and relative percentage as a function of suspension concentration (transmembrane pressure 0.1 MPa, cross-flow velocity 6.5 m s−1)

Concentration (g L−1) Rt Rc Ri Rp Rm

1011 m−1 % 1011 m−1 % 1011 m−1 % 1011 m−1 % 1011 m−1 %

0.1 19.97 100 13.93 69.76 3.44 17.20 1.70 8.50 0.91 4.54
1.0 27.10 100 20.31 74.96 3.66 13.51 2.22 8.20 0.90 3.33
4.0 39.95 100 32.24 80.71 3.79 9.48 3.02 7.55 0.90 2.26

It could be found thatRt increased significantly with
increasing TMP. Among the total resistance,Rc increased
significantly with increasing TMP whileRp andRi increased
slightly. An increase of TMP could enhance the convective
flow of particle towards the membrane, which subsequently
enhances the polarization and deposition of particle. This
explained the change ofRc and Rp with pressure. Due to
the increase of fouling resistance with pressure, the degree
of increase of filtrate flux was lower than that of pure water
flux. This confirmed the results obtained in Section3.4.

Rt and Rc decreased with CFV within the low velocity
range of less than 6.5 m s−1 and then increased at the high
range.Rp decreased with increasing CFV whileRi increased
slightly. The decrease ofRp was due to the thinner diffusion
layer caused by the increase of CFV. This influence would be
due to its role in the shearing stress. Meanwhile the deposit
layer would also become thinner. This was the positive influ-
ence of velocity on the filtration. On the other hand, increase
of CFV would cause the particles of cake formed becoming
finer due to the selective deposition of particles caused by
cross-flow effect and produce a negative influence on the fil-
tration [17]. Thus two competing factors may contribute to
the change ofRc with the increase of velocity. This confirmed
the hypothesis in Section3.4 about the effect of cross-flow
velocity on the filtration flux.

It is well known that increase of concentration will
e f par-
t
T se

of cake mass, and increase ofRi may due to the increase of
the number of finer particles. However, the percentage ofRi

decreased with the concentration while the percentage ofRc
increased as shown inTable 3. It could be concluded that
influence of concentration on cake fouling was more remark-
able, which is consistent with the results obtained in Section
3.4.

4. Conclusions

Hydrated TiO2 in titanium white waste acid can be suc-
cessfully removed using 0.8�m pore size ceramic mem-
branes and an excellent clarification effect was achieved. The
turbidity of clarified waste acid was less than 0.5NTU. The
technology is reliable for the pretreatment of the waste acid
before the diffusion dialysis.

High concentrations of FeSO4 complicated the effect
of temperature on filtration process. When the temperature
decreased to less than 293 K, crystallization of FeSO4 might
occur in the membrane which caused the permeate flux to
decrease toward zero and the membrane could not be regen-
erated. Maintaining a higher temperature is therefore very
important for the filtration process.

Flocculation by modified polyacrylamide, of which the
concentration was less than 5 ppm, increased the membrane
fl tion
f f the
fl

nhance the concentration polarization and deposition o
icles, which result in the increase ofRc andRp, as shown in
able 3. The increase ofRc was attributed to the increa
ux. Further addition of flocculants might cause adsorp
ouling of the membrane and resulted in a decrease o
ux.
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The membrane flux was also affected by other parameters.
The influences of operating parameters, including transmem-
brane pressure, cross-flow velocity and suspension concen-
tration were interrelated and these factors interacted on each
other. Therefore, in pilot and industrial applications, the trans-
membrane pressure and cross-flow velocity should be kept
below 0.25 MPa and 6.5 m s−1, respectively, when the sus-
pension concentration is less than 4 g L−1.

Analyses of filtration resistances were also done and the
results show that the total filtration resistance (Rt) was com-
posed of the cake resistance (Rc), the polarization layer
resistance (Rp), the internal plugging resistance (Ri) and the
membranes own resistance (Rm). Rc was the main compo-
nent of the fouling resistances and was 68–80% ofRt. Rp
was 7.5–10.5% andRi was 9–18% ofRt. Rm was negligible
compared with the fouling resistances, which was only 2–5%
of Rt. The results added more quantitative understanding into
the effects of the operating parameters on the filtration.
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